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We investigate the emergence of orientational order among +1/2 disclinations in both passive
and active nematic liquid crystals. Using a combination of theoretical and experimental methods,
we demonstrate that +1/2 disclinations have short-range antiferromagnetic order, as a consequence
of the elastic torques originating from their polar structure. The presence of intermediate −1/2
disclinations, however, turns this interaction from anti-aligning to aligning at scales that are smaller
than the typical distance between like-sign defects. Strikingly, both effects are scale free and do not
depend on defect density, reflecting that the presence of an intermediate defect-free nematic field
between disclinations assures their significance even for very large inter-defect distances.
Topological defects are one of the hallmarks of liquid
crystals and have represented a central research topic
since Frank’s pioneering work on nematic disclinations
[1]. In nematics, these are point- or line-singularities
where molecules have undefined orientation and around
which the nematic director winds by an integer multiple
of pi [2]. In planar and pseudoplanar nematic textures, it
has long been known that, analogously to charged par-
ticles in two dimensions, disclinations interact with each
other via long-ranged Coulomb-like forces arising from
the distortion of the nematic director. As a consequence,
like-sign disclinations repel, whereas oppositely-signed
disclinations attract and eventually annihilate (see e.g.
Refs. [2, 3]).
By contrast, only recently has it become evident that
most of two-dimensional disclinations have a well-defined
polarity, which affect how defects move and interact [4].
Despite being a purely geometrical property of the direc-
tor configuration, thus independent of the specific phys-
ical mechanisms governing the dynamics of the underly-
ing nematic phase, such a polarity was first discussed in
the context of active nematics [5, 6], namely nematic liq-
uid crystals, often of biological origin, consisting of self-
or mutually-propelled rod-like molecules. In active ne-
matics, polarity determines the propulsion direction of
+1/2 disclinations [7, 8], and renders their motion pe-
riodic when confined on a sphere [5, 9]. Furthermore,
polarity can be manipulated via inhomogeneous [10, 11]
or anisotropic [12–14] substrates. But perhaps even more
remarkably, thin films of turbulent active nematics at the
water-oil interface, have been reported to exhibit long-
ranged nematic order among the defects themselves, re-
sulting from the alignment of the microscopic polarity of
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individual +1/2 disclinations over the length scale of the
entire sample [6]. The physical origin of this behavior
has, however, remained elusive, despite much effort hav-
ing being done in the attempt of deciphering this exotic
example of super orientational order [6, 15–19].
In this article we investigate the mechanisms under-
pinning collective defect ordering in passive and active
nematic liquid crystals. Using nematic hydrodynamics
and experiments with microtubule/kinesin-based active
nematics, we demonstrate that the elastic torques aris-
ing from the polarity of +1/2 disclinations drives the
emergence of antiferromagnetic order. Having an elastic
origin, such an ordering effect occurs in passive and ac-
tive nematics alike, but, whether in active nematics the
continuous creation and annihilation of defects renders
antiferromagnetic order stationary, in passive nematics
this occurs only as a transient phenomenon stemming
from defect coarsening. As nematics are fluids lacking
of an underlying lattice structure, the typical correlation
length associated with antiferromagnetic order is deter-
mined by the average defect spacing. Antiferromagnetic
order is, therefore, scale-free, despite being topologically
(but not metrically) short-ranged. Remarkably, though,
the presence of −1/2 disclinations can mediate this in-
teraction resulting in a ferromagnetic alignment of the
+1/2 defects at distances smaller than the mean inter-
defect separation.
I. THEORETICAL RESULTS
Let us consider a two-dimensional nematic liquid crys-
tal whose average molecular direction is characterized in
terms of a director field n = (cos θ, sin θ). In the pres-
ence of a disclination of strength s = ±1/2 located at
the origin of the (x, y)−plane and oriented in the direc-
tion p = (cosψ, sinψ), the local orientation is given by:
θ = sφ + (1 − s)ψ, with φ = arctan(y/x) the polar an-
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2gle [4] (Fig. 1A). As the free energy of nematic liquid
crystals is invariant with respect to global rotations [2],
there is no preferred polarity in the configuration of an
isolated defect, unless the anchoring of the director at
the boundary demands otherwise. Conversely, textures
comprising multiple defects are sensitive to their relative
orientation and attain the lowest energy configuration for
specific alignment patterns [4, 17, 20–22].
In particular, pairs of +1/2 disclinations embedded in
an otherwise defect-free nematic texture, tend to anti-
align in order to minimize the one-constant Frank free
energy FF = 1/2K
∫
dA |∇θ|2, with K the Frank elastic
constant [4, 17, 20–22]. Evidently, such an orientational
interaction does not depend exclusively on the relative
orientation of the defects, but also on the specific config-
uration of the director field in between; this can be quite
intricate, as illustrated for the case of active nematics in
Fig. 1B. Theoretically, the problem has been addressed
by extrapolating the director field in some way between
the two defects, resulting in slightly different approxi-
mations for the inter-defect torque [4, 20], which never-
theless agree on the fact that pairs of +1/2 defects have
an anti-aligning interaction that weakly depends on their
separation.
Now, in passive and active nematic liquid crystals fea-
turing multiple defects, one may expect these orienta-
tional interactions among pairs of +1/2 defects to coop-
eratively give rise to orientational order among the de-
fects themselves, possibly leading to long-ranged defect
ordering as that reported in Ref. [6]. To test this hypoth-
esis, we perform different sets of numerical simulations on
both passive and active nematic liquid crystals.
A. Passive nematics
In order to isolate the effects of Frank elasticity and
passive/active hydrodynamics, we start from the simple
case of a two-dimensional passive nematic relaxing to-
ward the lowest free-energy configuration of the nematic
tensor Qij = S(ninj − δij/2), with S the scalar order
parameter, namely:
∂Qij
∂t
=
1
γ
Hij , (1)
where γ is the rotational viscosity and Hij =
−δFLdG/δQij is the molecular tensor field describing
the departure of the system from the minimum of the
Landau-de Gennes free energy
FLdG =
∫
dA
[
1
2
K|∇Q|2 + 1
2
A trQ2 +
1
4
C(trQ2)2
]
.
(2)
The constant A and C in Eq. (2) are chosen in such a
way that S =
√−2A/C = 1 away from the defects. The
equation is numerically integrated using finite differences
on a periodic square domain of size L, subdivided in 256×
256 collocation points. The system initial configuration
FIG. 1. (A) Schematic representation of a planar nematic tex-
ture featuring a +1/2 disclination with polairty p. (B) Typ-
ical texture of a microtubule/kinesin-based active nematic.
+1/2 and −1/2 disclinations are indicated with red and blue
arrows, respectively. (C,D) Schlieren texture associated with
highly defective configurations of a passive (C) and active (D)
nematic, obtained from a numerical integration of Eqs. (1)
and (4).
is random and highly defective, as illustrated in Fig. 1C.
In the following we will rescale distance by the system
size L, time by the characteristic relaxational time scale
of the nematic phase, namely τ = γL2/K and stress by
the characteristic elastic stress σ = K/L2.
As the system is allowed to relax, pairs of ±1/2 defects
attract and annihilate toward a defect-free and uniformly
aligned configuration; the number of defects Nd then de-
creases in time, as shown in Fig. 2A. To characterize
defect ordering, we store configurations at four differ-
ent times, corresponding to Nd = 300, 500, 700, 900 de-
fects (see horizontal lines in Fig. 2A). We then measure
the probability distribution of the defect local orientation
ψ to find that it is prominently uniform in the interval
0 ≤ ψ ≤ 2pi (see inset in Fig. 2B), indicating the absence
of long-range polar or nematic order.
To verify whether the defects elastic interactions
give rise to quasi-long-range nematic order we measure
the scale-dependent nematic order parameter Sd(`) =
[〈cos 2ψ〉2` + 〈sin 2ψ〉2` ]1/2, where 〈· · · 〉` denotes a spatial
average over a square sub-domain of size `. The pro-
cedure is repeated 100 times to obtain the statistically-
averaged Sd(`) values displayed in Fig. 2B. In the pres-
ence of long-range order, this order parameter is ex-
pected to converge to a finite value for large ` val-
ues. Conversely, in the case of quasi-long-range order,
3Sd(`) ∼ `−ηd/2, with ηd < 2 a positive exponent express-
ing the rate of power-law decay of the two-point correla-
tion function [23]. Finally, for randomly oriented defects
Sd(`) ∼ `−1. The data presented in Fig. 2B is consis-
tent with this latter scenario, thus indicating that pas-
sive defects coarsening from a random configuration of
the nematic tensor exhibit neither long-range nor quasi-
long-range orientational order. In spite of this, the orien-
tational interactions among the defects leave a well dis-
tinct signature in the orientational correlation function
Cpp(r) = 〈p(r)·p(0)〉 displayed in Fig. 2C. Before vanish-
ing at large distances, this correlation function exhibits
a prominent minimum at small r values, indicating the
preference for local antiferromagnetic alignment. Since
the passive nematic fluid does not posses inherent length
scales other than the defect core radius ( ∼√K/A), the
position of the minimum is determined by the average de-
fect spacing, r0 ∼ 1/
√
Nd. This is confirmed by the plot
in the inset of Fig. 2C, showing the orientational corre-
lation function for the same four defect densities versus
r/r0. The curves collapse on the same master curve, indi-
cating that, despite being topologically short-ranged, the
emerging antiferromagnetic order among +1/2 defects is
metrically scale-free: +1/2 defects are preferentially anti-
aligned with their nearest neighbors, regardless of how far
these are located!
Finally, Fig. 2D, shows the topological charge density
correlation function
C±(r) =
〈ρ+(r)ρ±(0)〉
〈ρ+(0)〉〈ρ±(0)〉 − 1 , (3)
where ± indicates, respectively, +1/2 and −1/2 discli-
nations. For small r values, C+(r) ≈ −1 (dashed line),
indicating that the space surrounding a defect is depleted
of like-sign defects. Starting from r/r0 ≈ 0.25 (Fig. 2D
inset), the same function exhibits a monotonic increase,
until plateauing at C+(r) ≈ 0 for r/r0 > 1. By con-
trast, C−(r) (solid line) exhibits a prominent peak at
r/r0 ≈ 0.25, followed by a rapid convergence toward
C−(r) ≈ 0 for r/r0 > 1 (Fig. 2D inset). The combi-
nation of these results demonstrates that, analogously to
Debye screening in electrolytes, positive defects are gen-
erally surrounded by a cloud of negative defects and vice
versa, but are not endowed of positional order of any
kind.
B. Active nematics
Next, we explore the effect of activity on defect order-
ing. As demonstrated in Refs. [7, 8] and later recovered
in various experiments on active nematics of biological
origin [5, 24–28], in the presence of active stresses, the
strong distortion introduced by topological defects gives
rise to hydrodynamic flows, whose structure and magni-
tude depends solely on the local geometry of the nematic
director in proximity of the defect core. Thus a +1/2
defect sources a Stokeslet-type flow consisting of two
FIG. 2. (A) Number of defects versus time in passive nematic
relaxing toward the minimum free-energy configuration via
Eq. (1). The horizontal lines mark configurations featur-
ing Nd = 300, 500, 700, 900 defects. (B) Scale-dependent ne-
matic order parameter of the defects, showing the character-
istic scaling behavior of systems with no long- or quasi-long-
range order: Sd(`) ∼ `−1. In the inset, we show the polar his-
togram of the orientation of Nd = 100 +1/2 defects. (C) Polar
correlation function Cpp(r) = 〈p(r) · p(0)〉. Before vanishing
at large distances, Cρρ(r) exhibits a prominent minimum at
small r values, indicating the preference for local antiferro-
magnetic alignment. In the inset, the same function versus
r/r0, with r0 ∼ 1/
√
Nd the average defect spacing. The data
collapse on the same master curve indicating that short-range
antiferromagnetic order is scale free. (D) Structural correla-
tion function for defects of the same charge (dashed lines) and
opposite charge (solid lines), showing a local depletion of like-
charged defects and a local concentration of opposite-charged
defects for sufficiently small r. In the inset, we plot the same
functions versus r/r0. (E-F) Same quantites as in (A-D) but
for an active nematic whose dynamics are governed by Eqs.
(4). Activity gives rise to an approximatively constant den-
sity of defects (E), also displaying the scale-free short-ranged
antiferromagnetic order observed in passive nematics.
4counter-rotating vortices organized mirror-symmetrically
about the polarity direction p. Conversely, −1/2 defects
induce a three-fold symmetric flow comprising a stag-
nation point at the defect core [8]. These active flows,
in turn, can affect the relative alignment of the defects
via hydrodynamic torques [11]. In order to test whether
these activity-driven hydrodynamic torques influence de-
fect ordering, we have numerically integrated the hydro-
dynamic equations for the nematic tensor Q and the flow
velocity v of an incompressible two-dimensional active
nematics (see e.g. Ref. [29]):
DQij
Dt
= λSuij +Qikωkj − ωikQkj + 1
γ
Hij , (4a)
ρ
Dvi
Dt
= η∇2vi − ∂ip+ ∂j(σeij + σaij) , ∂ivi = 0 . (4b)
Here D/Dt = ∂t + v · ∇ is the material derivative,
λ is the flow-aligning parameter of the nematic fluid,
uij = (∂ivj + ∂jvi)/2 and ωij = (∂ivj − ∂jvi)/2 are,
respectively, the strain-rate and vorticity tensors, ρ the
density, here assumed to be constant, η the shear viscos-
ity, p the pressure and σeij = −λSHij +QikHkj−HikQkj
is the elastic (non-dissipative) stress resulting from a de-
parture from the lowest free-energy state (Hij 6= 0). The
final term in Eq. (4b) is the active stress, σaij = αQij with
α a constant, originating from local contractile (α > 0)
or extensile (α < 0) forces exerted by the active ne-
matogens in the ±n directions. In all numerical simu-
lations we have set λ = 0.1, ρ = 10−2, η = 10−1 and
α = (819.2, 1638.4, 3276.8, 6553.6) × 103, in the units
introduced in the previous section.
When the system size is much larger than the intrin-
sic length scale `a =
√
K/|α|, resulting from the balance
of active and passive torques, two-dimensional active ne-
matics self-organize in a turbulent-like steady-state com-
prising a stationary density (∼ 1/`2a) of ±1/2 defects [30];
see Fig. 1D. Changing the value of the active stress α,
and hence of the active length scale `a, results in a dif-
ferent number of defects, as illustrated in Fig. 2E. Anal-
ogously to the case of passive defects coarsening from a
highly defective configurations, the scale dependent ne-
matic order parameter measured from the +1/2 defects
decays as Sd(`) ∼ `−1, indicating the lack of long- or
quasi-long-range order (Fig. 2F). Instead, defect order-
ing emerges in the system in the form of topologically
short-ranged, but metrically scale-free antiferromagnetic
alignment (Fig. 2G), coupled to local Debye-like screen-
ing of the topological charge (Fig. 2H).
A comparison between our results for the passive (Fig.
2A-D) and active (Fig. 2E-H) cases suggests that, unlike
what was previously thought, defect ordering ultimately
originates from passive mechanisms and can be found in
passive and active liquid crystals alike. Moreover, from
the magnitude of the orientational correlation function
at the antiferromagnetic minimum, we conclude that ac-
tive flows driven by the distortion of the nematic director
collectively hinder defect ordering rather than enhancing
it.
FIG. 3. (A) Number of defects versus time in a
microtuble/kinesin-based active nematic. Each color repre-
sents a different experimental sample, grouped into two sets
with different Nd. (B) Scale-dependent nematic order pa-
rameter of the +1/2 defects, showing the characteristic scal-
ing behavior of systems with no long- or quasi-long-range or-
der. In the inset, we show the polar histogram of the ori-
entation of the +1/2 defects. (C) Polar correlation function
Cpp = 〈p(r) · p(0)〉. (D) Structural correlation function for
defects of the same charge (dashed lines) and opposite charge
(solid lines). In the insets of panels (C) and (D), we plot
the corresponding functions with the distance rescaled by the
average defect spacing r0.
II. EXPERIMENTAL RESULTS
Our experimental studies on defect ordering are car-
ried out using a microtubule-kinesin active nematic [31].
It consists of microtubules (MTs), which are long rod-like
chains of tubulin protein self-assembled inside our exper-
imental cells to form cytoskeletal backbones. These serve
as the rods of our nematic phase, or “nematogens”. The
bulk suspension of MTs are densely bundled together at
an oil-water interface by the action of polyethylene glycol,
which acts as a depleting agent. The system is driven out
of equilibrium by the action of kinesin-streptavidin motor
protein complexes, which induce relative motion between
the MT bundles utilizing adenosine triphosphate (ATP)
as the energy source. The presence of ATP-regenerating
agents and pH controlling chemicals ensure this bundled
nematic stays active for hours, executing self-sustained
bending and buckling instabilities. Sample preparation
is done in closed flow cell chambers, where upon deple-
tion, the nematic forms as a flat, effectively-2D layer at
the interface between the water-based bulk suspension
and a surfactant-stabilized oil layer. The typical area of
such an active nematic layer is of the order of tens of
cm2. We use fluorescence confocal microscopy to image
the active nematic. The microtubules in our system are
labeled with AlexaFlour 647 dye that has excitation and
5emission peaks at 651 and 667 nm, respectively. After
preparing the samples, we typically wait for about 15-20
minutes to allow for uniform depletion throughout the
interface, and then image at a constant frame-rate for
6-8 hours. We image using a 10× objective, focusing on
fields of view of the order of mm2, with 1-2µm pixel reso-
lution. Imaging is done away from the sealed boundaries
of the flow cell to avoid any edge effects.
We employ a computer vision technique called Coher-
ence Enhanced Diffusion Filtering (CEDF) to extract di-
rector fields from the grayscale intensity image stacks.
CEDF determines the direction along which the spatial
intensity fluctuations are the least, or the coherence di-
rection at each pixel. Using this information, we can
construct the nematic tensor order parameter Q directly
from the images [10, 32]. We stress that this method dif-
fers from conventional polarized optical microscopy, or
other birefringence-based approaches. Diagonalizing the
nematic tensor gives the scalar nematic order parameter
and the nematic director at each pixel. We then proceed
to create a spatial map of the order parameter variation
over an image and set a low threshold on S to define
candidate pixels for topological defects. Once we have a
set of such low-S pixels, we compute the angular change
in n around them to confirm they are indeed topologi-
cal defects and compute their topological charge. Using
the definition for polarity of half-integer disclinations [4],
p = ∇ · Q/|∇ · Q|, we calculate the polarity of each
defect in the frame. By optimizing the averaging param-
eters for the CEDF algorithm, and the threshold for S,
we arrive at a complete database of the spatial position,
topological charge and polarity of each defect in an ex-
perimental data set. A typical snapshot of a confocal
frame, illustrating the output of the image analysis, is
shown in Fig. 1B. We do several experimental replicas
for two overall average number of defects and emphasize
Nd remains constant over time, as shown in Fig. 3A. We
find that the system does not exhibit any global orienta-
tional preference, as shown by the isotropic distributions
for polar histograms of the orientational vectors in the
inset of Fig. 3B. Each experimental data set is charac-
terized by the mean defect spacing, obtained from the
mean defect density.
Focusing on the ±1/2 defects, we calculate the scale-
dependent nematic order parameter Sd(`) of the +1/2
defects, as well as the correlation functions Cpp(r) and
C±(r). Consistent with the hydrodynamic calculations,
the ordering of defects is short-ranged, and the order pa-
rameter decays as Sd(`) ∼ `−1, as shown in Fig. 3B. The
polar correlation function of the +1/2 defects, as well as
the topological charge density correlation functions, re-
veal the characteristic profile found in the hydrodynamic
calculations, with qualitative features independent of the
defect density of the system (see Figs. 3C,D). Scaling by
the average defect spacing r0, we see that the curves col-
lapse onto the same master curve, consistent with scale-
free short range order for our defects (see inset of Figs.
3C,D).
FIG. 4. Experimental configurations illustrating the orien-
tational interaction between pairs of +1/2 disclinations. (A)
In the absence of nearby −1/2 defects, the elastic torque be-
tween defects results in an anti-parallel arrangement. (B)
Conversely, in the presence of an intermediate −1/2 defect,
the two +1/2 disclinations adopt a preferentially parallel ar-
rangement. The configurations shown in (A) and (B) deter-
mine the short-distance anti-correlation and correlation be-
havior, respectively, of the polar correlation functions dis-
played in Figs. 2G and 3C.
Looking closer into the characteristic profile of the cor-
relation functions, we observe that at large separations
(r > r0), the positive defects are randomly aligned and
have nearly vanishing correlation, as expected in the ab-
sence of long-range or quasi-long-range orientational or-
der. For r ≈ r0, however, the defects anti-align on aver-
age, as illustrated in a typical concrete situation in Fig.
4A, in order to minimize Frank’s free energy. Further-
more, the presence of oppositely charged −1/2 defects
can mediate this short-range interaction, eventually fa-
voring the polar alignment between two +1/2 defects at
separations smaller than r0, as shown for a representative
case in Fig. 4B. These highly correlated regimes occur in
the active nematic for r < r0, and is a distinctive feature
of the active defects interacting and being influenced via
the underlying director field distortions.
III. CONCLUSIONS
We have shown that there are short-range orientational
correlations between the low-energy excitations, corre-
sponding to +1/2 and −1/2 disclations, of both passive
and active nematics and that these exhibit antiferromag-
6netic order at distances comparable to the mean interde-
fect spacing and ferromagnetic order at even smaller sep-
arations; the latter is enabled by the presence of nearby
oppositely charged excitations, which screen the strong
repulsion between like-charge defects, in a way that is
reminiscent of ionic screening in eletrolyte solutions. Re-
markably, both effects are scale-free, thus insensitive to
the distance of the neighboring defects, despite being
topologically (but not metrically) short-ranged. In ad-
dition, we see no signatures of long-range or quasi-long-
range order in the system of disclinations. We note, how-
ever, that other active nematic preparations and effects
not considered in our calculations could perhaps result
in different inter-defect organizations [6, 19]. Our results
clearly show that the observed effects have an elastic ori-
gin even in the active case, where the nematogens are
driven out-of-equilibrium by local energy-input. Overall,
our results, illustrate that the orientation of defects is an
important feature in active nematics, opening the door to
using external fields, electromagnetic or geometrical, to
alter the state of the system via manipulating its defects
in the high-activity, turbulent-like regime.
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